Five composite sheets having different thicknesses were fabricated by varying cooling rates after a vacuum arc melting of a Ti-based amorphous matrix composite fabricated by adding alloying elements of Ti, Zr, V, Ni, Al, and Be into a Ti-6Al-4V alloy. These composite sheets contained 72 to 75 vol. pct of dendrites sized by 9 to 27 lm, and showed excellent tensile properties of yield strength of 1.3 GPa and elongation up to 6.5 pct. According to the observation of tensile deformation behavior of the 3-mm-thick composite sheet, many deformation bands were formed inside dendrites in several directions, and deformation bands met crossly each other to form widely deformed areas. Since the wide and homogeneous deformation in this sheet beneficially worked for the tensile strength and elongation simultaneously, the optimum effective dendrite size (12.1 lm) and sheet thickness (3 mm) were determined for the Ti-based amorphous matrix composite. The finite element method (FEM) analysis based on real microstructures was also conducted to theoretically explain the enhanced elongation in terms of effective dendrite size. The shape and location of deformation bands estimated from the FEM simulations were well matched with the experimental observations.
I. INTRODUCTION
BULK amorphous alloys show excellent strength, hardness, stiffness, and resistance to wear and corrosion according to their liquid-like structure. [1] [2] [3] [4] [5] They are also accepted as world-wide leading-edge structural materials, which have become available by continuous improvements in manufacturing processes. However, the manufacturing costs are still high because of relatively expensive alloying elements and the need of vacuum equipment, and problems such as brittle fracture need to be solved. [6] [7] [8] When amorphous alloys which do not have dislocations are deformed, plastic zones are hardly observed under tensile or compressive loading because the plastic deformation is concentrated on highly localized shear bands. [9] [10] [11] [12] If amorphous alloys containing a sufficient amount of ductile phases in the amorphous matrix are developed by utilizing conventional alloys such as a representative (a+b) Ti-6Al-4V alloy, the brittle fracture in amorphous alloys can be solved, together with an economical merit of the reduction in manufacturing costs. [13, 14] Since major elements of the Ti-6Al-4V alloy are beneficially used for forming amorphous phase or b dendrites, [13] [14] [15] [16] this manufacturing idea can be effectively utilized.
In order to improve the tensile ductility of amorphous alloys, studies on manufacturing Zr-and Ti-based amorphous matrix composites containing ductile dendrites of crystalline b phases (structure; bcc) formed in situ from the amorphous matrix have been actively conducted. In these composites, the tensile elongation is improved by forming deformation bands at dendrites and multiple shear bands in the amorphous matrix simultaneously. [17] [18] [19] [20] According to Hofmann et al., [18] the tensile strength and elongation increased up to 1510 MPa and 9.5 pct, respectively, by increasing the volume fraction of b dendrites up to 47 pct in Zr-based amorphous matrix composites containing more Ti content (31 to 34 at. pct) than a Zr-based amorphous matrix composite containing ductile dendrites, i.e., an 'LM2' composite (commercial brand name of the Liquidmetal Technologies, Lake Forest, CA, USA, composition; Zr 56.2 Ti 13.8 Nb 5.0 Cu 6.9 Ni 5.6 Be 12.5 (at. pct), dendrite size; 6 to 7 lm, dendrite volume fraction; 35 to 40 pct). In Ti-based amorphous matrix composites, where the Ti content was higher than the Zr content, the volume fraction of b dendrites increased up to 70 pct, which led to the improvement of elongation over 10 pct. [13, [18] [19] [20] These results indicate that the Ti content increases the volume fraction of b dendrites, which generally leads to the improvement of elongation. In order to further improve the elongation, the size and volume fraction of dendrites need to be optimized, but effects of dendrite size on tensile properties have not been sufficiently investigated, although the trends of increased elongation with increasing volume fraction of dendrites are generally accepted.
In this study, five composite sheets having different thickness were made by varying cooling rates after a vacuum arc melting of a Ti-based amorphous matrix composite fabricated by adding alloying elements of Ti, Zr, V, Ni, Al, and Be into a Ti-6Al-4V alloy. The effective size of ductile dendrites was varied in the fabricated composite sheets, while their volume fraction was almost constant. Microstructures of the composite sheets were analyzed, and their mechanical properties were evaluated by conducting tensile tests. Deformation mechanisms related with improvement of tensile strength and elongation were investigated by observing initiation and propagation processes of deformation bands formed at dendrites. The finite element method (FEM) analysis based on real microstructural morphologies was also performed to theoretically explain deformation mechanisms, considering crystal orientations of dendrites.
II. EXPERIMENTAL
A Ti-based amorphous matrix composite was fabricated by adding Ti, Zr, V, Ni, Al, and Be into a conventional Ti-6Al-4V alloy (nominal composition: Ti-6Al-4V-0.1O-0.02N-0.04C) to achieve the overall chemical composition of Ti 54.1 Zr 30.2 V 10.0 Ni 3.5 Al 0.7 Be 1.5 (wt. pct). The weight percent of Ti-6Al-4V alloy was 18 pct (20 at. pct), and the additional amounts of Ti, Zr, V, Ni, Al, and Be into the Ti-6Al-4V alloy are shown in Table I . Dendrites of b phase are well formed when the amount of (Ti + Zr) exceeds 70 at. pct, [13, 21] and V and Al generally work as stabilizers of b and a phases, respectively, in Ti alloys. [13, 14] The amount of V is relatively high to obtain sufficient dendrites of b phase in the present composite system. [13, 14, 20] Ni and Be are known to improve the amorphous forming ability. [22, 23] A master alloy was made by arc-melting in a watercooled copper crucible under a Ti-gettered argon atmosphere. Five Ti-based amorphous matrix composite sheets were produced in water-cooled copper molds, whose inner sizes were 50 9 15 9 (1, 3, 5, 7, and 10) mm, by suction casting. For convenience, the sheetshaped composites having thickness of 1, 3, 5, 7, and 10 mm are referred to as T1, T3, T5, T7, and T10 composites, respectively. During the rapid cooling of the composite sheets, b phases were readily formed in a form of dendrite.
The size of the dendrites was changed by changing the plate thickness because the cooling rate affected the growth of dendrites. The cooling rate (R) can be obtained approximately by the calculation using the following equation: [24] Cooling rate; R ¼ 40
where K t , C p , T l , and d are the thermal conductivity, specific heat, liquidus temperature, and thickness, respectively. The K t , C p , and [25] The specific heat of titanium is about twice higher than that of zirconium, while its thermal conductivity is almost same to that of zirconium. [26] [27] [28] Considering the K t , C p , and T l of the LM2 composite, titanium, and zirconium, thus, the cooling rates of the T1, T3, T5, T7, and T10 composites are calculated to be about 2.4 9 10 4 , 2.5 9 10 3 , 1.0 9 10 3 , 4.9 9 10 2 , and 2.4 9 10 2 K/s, respectively. The composite sheets were polished in diamond pastes, etched by a solution of 40 mL HF, 20 mL HNO 3 , 40 mL HCl, and 200 mL H 2 O, and observed by a scanning electron microscope (SEM, model; JSM-6330F, Jeol, Japan). Phases were analyzed by X-ray diffraction (XRD, Cu radiation, scan rate; 2 deg min À1 , scan step size; 0.02 deg) and transmission electron microscopy (TEM), and their average size and volume fraction were measured by an image analyzer (model; SigmaScan Pro ver 4.0, Jandel Scientific Co., USA). TEM specimens were prepared by the focused ion beam (FIB, model: Quanta 3D FEG, FEI, USA) technique because of the difficulty in preparing TEM specimens due to the large difference of chemical activity of crystalline b and amorphous phases. The specimens were observed by a TEM (model; JEM-2100, JEOL, Japan) operated at an acceleration voltage of 200 kV. Electron back-scatter diffraction (EBSD) analysis was conducted by a field emission scanning electron microscope (FE-SEM, model; Helios Nanolabä, FEI, USA). The data were then interpreted by orientation imaging microscopy (OIM) analysis software provided by Tex-SEM Laboratories, Inc. Overall bulk hardness was measured by a Vickers hardness tester under a 2 kg load.
Room-temperature tensile tests were conducted on plate-type tensile specimens, whose dimensions are shown in Figure 1 , at a strain rate of 5.2 9 10 À4 s
À1
by a universal testing machine (capacity; 10,000 kg, model; 8862, Instron Corp., Canton, MA, USA). All the tensile specimens were obtained from the center of the composite sheet. Three tensile specimens were used at least for each composite, and the test data were averaged with standard deviations. Since the tensile specimen was very small to attach a strain gage, strains were measured by a vision strain gage system (model; ARAMIS v6.1, GOM Optical Measuring Techniques, Germany). This ARAMIS system detected 3-dimensional coordinates of the deformed specimen surface, based on the digital image processing. The specimen surface was recognized in digital camera images. The initial image in the measured specimen represented the undeformed state, and further images were recorded during the tensile deformation. Tensile stress-strain curves were drawn by matching time-strain values obtained from this ARAMIS system with time-stress curves experimentally obtained from the testing machine. The tensile test was conducted three times for each datum point, and the tensile data were averaged with standard deviations. After the tensile test, the side region of the fractured tensile specimen was observed by an SEM. FEM analyses of tensile tests were conducted to understand the influence of effective dendrite size on deformation and fracture mechanisms. [14] The FEM based on real microstructures has many advantages in comparison with a unit cell model approach, especially in prediction of nonuniform deformation in each phase, the so-called 'strain partitioning'. In this paper, in order to investigate effects of microstructure on tensile ductility of the Ti-based amorphous matrix composites, the FEM based on real microstructures obtained from EBSD results was employed. The real microstructure information (not only morphology but also crystal orientation) obtained from the EBSD results was used for defining the FEM simulation domains. Crystal orientation (i.e., texture) information of each dendrite group (each effective dendrite) was input to the FEM simulations using Euler angles from the EBSD results. Figure 2 where R ij are ratios of yield stress to the reference yield stress. In these FEM simulations, R 11 , R 22 , and R 33 were taken as 1.0, and R 12 , R 13 , and R 23 were taken as 0.9. Various values of R ii and R ij (i " j) were tested, and the simulation results were qualitatively the same. The static implicit FEM simulations were carried out using commercial elasto-plastic analysis FEM software package ABAQUS. [30] The average nodal distance was set as 0.25 lm, and approximately 62,500 elements were generated to sufficiently express local deformations of the matrix and dendrite phases, as can be seen in Figure 2 . A plane strain condition was applied, which was sufficient to simulate the plastic deformation and interaction effect of the matrix and dendrites. The mechanical properties of the amorphous matrix and b dendrite used in the calculations were obtained from the previous results on amorphous alloys and b-Ti alloys, [31, 32] as shown in Table II . The amorphous matrix was considered to be perfect-plastic, i.e., non-hardening, during the deformation.
III. RESULTS

A. Microstructure
Figures 3(a) through (e) are SEM micrographs of the T1, T3, T5, T7, and T10 composites. All the composites show similar microstructures composed of dendrites in the amorphous matrix, but the size of dendrites changes as a function of cooling rate during the fabrication of composite sheets. When the amorphous matrices of the T7 and T10 composites are magnified (Figures 3(f) and (g)), considerable amounts of crystalline particles are found. The average size and volume fraction of dendrites were measured, and the results are shown in Table III . The volume fraction of dendrites is almost same (72 to 75 pct) in the five composites, but the size increases with increasing sheet thickness from 1 to 10 mm (or with decreasing cooling rate).
The X-ray diffraction (XRD) data are shown in Figure 4 . Sharp diffraction peaks of crystalline phases (bcc b-Ti phase), as well as broad halo patterns of amorphous phase are found in all the composites. This indicates the presence of dendrites of b phase in the amorphous matrix. In the T7 and T10 composites, peaks of a-Ti phase are additionally found, together with peaks of b phase, as indicated by green triangular symbols. Thus, crystalline particles found in the amorphous matrices of the T7 and T10 composites ( dendrites ( Figure 6(b) ) and amorphous matrix, like the T3 composite, but fine particles of 0.2 to 0.3 lm in size are observed inside the amorphous matrix (Figure 6(a) ). circles), a-Ti (blue circles), and amorphous (black dotted ring) phases. This indicates that the T10 composite consists of b, a, and amorphous phases, and that a particles are mostly formed along interfaces between b dendrites and amorphous matrix. The EBSD analysis data are shown in Figure 7 . Dendrites surrounded by boundaries having different orientations of 15 deg or higher are generally considered to be effective ones. The sizes of dendrites shown in Figures 3(a) through (e) are measured to be 2.7 to 11.1 lm, but the effective sizes shown in Figure 7 are larger, as shown in Table III , because dendrites having similar or same orientations are closely grouped. The effective dendrite size increases as the sheet thickness increases or the cooling rate decreases.
B. Room-Temperature Tensile Properties
The Vickers hardness test data are shown in Table IV . The Vickers hardness is almost same (365 to 380 VHN) within an error range in all the composites according to the almost same volume fraction of dendrites. Roomtemperature tensile stress-strain curves obtained from the ARAMIS system are shown in Figure 8 , from which yield strength, ultimate tensile strength, and elongation are measured, as shown in Table IV . The yield and tensile strengths and elongation of the T1 composite are 1398 MPa, 1432 MPa, and 5.1 pct, respectively. The T3 composite has the highest elongation among the five composites, although the strengths are slightly lower than those of the T1 composite. It has excellent properties of the yield strength of about 1.4 GPa and the elongation of 6.5 pct. The T7 and T10 composites have the much lower strengths and elongation than the T1, T3, and T5 composites.
C. Tensile Deformation Behavior
Figures 9(a) through (c) show digital images of plastic strain in the initial, intermediate, and final deformation stages, respectively, of the T3 composite. In the initial stage, the plastic strain is homogeneously distributed throughout the specimen (Figure 9(a) ). In the intermediate stage, the local plastic strain starts to form without the necking (Figure 9(b) ). In the final stage, the plastic deformation severely occurs in the center region of the specimen at the maximum local plastic strain of 34.1 pct (Figure 9(c) ). The area in which the local plastic strain cannot be defined or calculated is found (arrow mark). Here, voids or cracks are initiated under a triaxial stress state.
Figures 10(a) through (e) show digital images of plastic strain in the final stage prior to the fracture of the five composites. In the T1, T3, and T5 composites, the maximum local plastic strain is higher than 20 pct (Figures 10(a) through (c) ), whereas it is lower than 8.2 pct in the T7 and T10 composites (Figures 10(d) and (e)). This implies that the T1, T3, and T5 composites are relatively homogeneously elongated, and that their local strains reach the maximum in the necked region. In the T7 and T10 composites, the fracture abruptly occurs with little plastic deformation or necking.
Figures 11(a) through (e) show SEM micrographs of the fractured tensile specimens. The plastic deformation is observed in a wide area of the necking for the T1, T3, and T5 composites, whereas it is hardly found for the T7 and T10 composites. Cracks are also found near the fractured surface in the T7 and T10 composites.
The side regions of fractured tensile specimens are observed by an SEM, as shown in Figures 12 through  15 . Digital images of plastic strain in the final stage prior to the fracture of the five composites (Figures 10(a) through (e)) are also shown above the SEM micrographs. According to the local plastic strain level of the digital image for each composite, the amount of deformation can be classified into initial, intermediate, and final deformation stages, as indicated by red arrows. Fig. 8 -Room-temperature tensile stress-strain curves obtained from the ARAMIS system for the Ti-based amorphous matrix composites. The T3 composite has the highest elongation among the five composites, while the strengths are slightly lower than those of the T1 composite. The T7 and T10 composites have the much lower strengths and elongation than the T1, T3, and T5 composites.
In the initial stage of the T1 composite, deformation bands composed of slip lines start to form inside some dendrites (Figure 12(a) ). With the further deformation inside the locally strained region, deformation bands are developed more widely (Figure 12(b) ). When deformation bands are connected with those of adjacent dendrites, shear bands might be formed in the amorphous matrix, although they cannot be clearly identified. In the final stage, a number of deformation bands meet crossly each other, as they are well developed (Figure 12(c) ). In the T3 composite, the deformation starts at some dendrites, like in the T1 composite (Figure 13(a) ). In the next deformation stage, a number of deformation bands are well formed in different directions (Figure 13(b) ). Inside some dendrites, deformation bands meet crossly each other, as deformation bands formed at dendrites are crossed with other bands of adjacent dendrites. As the deformation proceeds further, the number of crossed deformation bands increases greatly, and many parallel slip lines inside deformation bands are widely expanded and deepened (Figure 13(c) ).
The deformation behavior of the T5 composite is similar to that of the T3 composite, but deformation bands tend to be less actively formed at dendrites than in the T3 composite (Figures 14(a) through (c) ). Also, there is a trend to form a considerable amount of deformation bands inside dendrites in the same direction within a given area. In the T7 and T10 composites, only a few deformation bands are formed near the fractured surface, while other areas are hardly deformed, as shown in Figures 15(a) and (b). They have one or two propagation directions in a considerably wide area, and the number of slip lines inside deformation bands is much smaller than that of the T1, T3, and T5 composites. This implies that the deformation does not actively take place. Cracks are also formed along deepened slip lines (Figure 15(a) ).
D. FEM Analysis Results
Deformation mechanisms of the fabricated composites were analyzed except the T7 and T10 composites-which had little plasticity. Figures 16 through 18 show the FEM results of equivalent plastic strain at 2, 5, and 10 pct of global strains, respectively. The left and right figures represent the strain distributions of the dendrites and amorphous matrix, respectively. At 2 pct global strain, the dendrites are plastically deformed first, while the amorphous matrix is still in elastic strain limits (Figures 16(a) through (c) ). [33] The highly localized plastic strain is oriented at 45 deg, which is the direction of major strain with respect to the tensile axis in all composites, and some interface regions show higher strains than dendrite inner regions because the mismatch of deformation modes (i.e., elasticity/plasticity and stress level) between the dendrites and amorphous matrix concentrates the stress on the interface regions.
However, the mismatch of elastic deformation cannot induce the formation of shear bands in the amorphous matrix. [34] In the T1 and T3 composites, several deformation bands are relatively homogeneously distributed in many dendrites at the beginning of deformation, but plastic deformation of the T5 composite is confined in a , and (e) T10 composites. The plastic deformation is observed in a wide area of the necking for the T1, T3, and T5 composites, whereas it is hardly found for the T7 and T10 composites.
few deformation bands which possess the same directions. At 5 pct global strain, the amorphous matrix deformed at certain regions (Figures 17(a) through  (c) ). The local deformation is concentrated on the deformation bands in dendrites, which were initiated at the initial stage (2 pct strain). These deformation bands are linked together as shown by red circles in the right figures; therefore, it is clear that the plastic deformation of the amorphous matrix is developed due to this local deformation behavior in the dendrites. The position of shear band initiation and the direction of shear band propagation are related with the strain compatibility condition between the two phases. [35] The T5 composite has the highest local strain value, while the T3 composite has the lowest value due to rather 3 24.0 21.0 18.0 15.0 12.0 9.0 6.0 3.0 -0 homogeneously distributed and oriented deformation bands. The T1 composite has many linked deformation bands, but high local strain is observed in a few deformation bands.
At 10 pct global strain, the T5 composite deformed mostly through two deformation bands in a large dendrite, showing very high local strain value (effective strain;~2.3) (Figure 18(c) ). However, the T1 and T3 composites have many linked deformation bands in whole domains (Figures 18(a) and (b) ). When the effective dendrite size is smaller, the dendrites readily induce more deformation bands developing in several different directions.
IV. DISCUSSION
The brittle deformation behavior shown in conventional amorphous alloys under tensile loading is attributed to the limited plastic deformation mechanisms because slips or twins which are essential for plastic deformation cannot be formed. [36] [37] [38] In order to improve the tensile ductility, it is essentially needed to positively make use of plastic deformation mechanisms of ductile dendrites and to have a sufficient volume fraction of dendrites. The plastic deformation occurs by forming deformation bands inside dendrites, which can lead to the overall plastic deformation in the amorphous matrix composites and contribute to the excellent elongation. The rapid cooling required for achieving sufficient amorphous forming ability of the amorphous matrix often causes the limited growth of dendrites. However, the present Ti-based amorphous matrix composites contain a sufficient volume fraction of dendrites (72 to 75 vol. pct) in the amorphous matrix (Table III) . According to the EBSD data (Figure 7) , the effective size of dendrites is varied from 9 to 27 lm as the cooling rate during the fabrication of composite sheets decreases (or the thickness of composite sheets increases), while the volume fraction of dendrites is almost same. It is generally accepted that the deformation behavior would be same or similar within effective dendrites. [14, 39] Thus, the plastic deformation mechanism and resultant elongation are mainly dependent on the effective dendrite size.
The yield and tensile strengths are higher in the T1 composite (effective dendrite size; 9.0 lm), whereas the elongation is higher in the T3 composite (effective dendrite size; 12.1 lm) (Table IV) . This can be explained by the effect of cooling rate on effective dendrite size and amorphous forming ability of the amorphous matrix. [39] As the cooling rate decreases, dendrites are coarsened, which results in the decreased strength and increased elongation, like in the T3 composite. According to the observation of tensile deformation behavior of the two composites as shown in Figures 12 and 13 , deformation bands are formed inside some dendrites, and are widely expanded to adjacent dendrites. When the deformation behavior is compared in the two composites, deformation bands are more readily formed in the T3 composite than in the T1 composite, thereby confirming the higher elongation in the T3 composite. The yield and tensile strengths and elongation are higher in the T3 composite than in the T5 composite (effective dendrite size; 24.2 lm). The higher strengths in the T3 composite are explained by the fast cooling rate positively affecting the strength, [39] but the higher elongation is not expected because the higher strength generally results in the lower elongation. Thus, the effect of tensile deformation behavior on elongation should be studied in detail. In the T3 and T5 composites, the deformation starts at some dendrites as a mechanism of deformation band formation. Sufficiently large dendrites are needed for the composites to activate the formation of deformation bands, but the elongation can be deteriorated when dendrites are too large. [14, 39] In the T5 composite containing larger dendrites, deformation bands have characteristics of planar slips occurring on a few slip planes of b dendrite, thereby resulting in the formation of deformation bands in a wide range of dendrites in one direction (Figure 14(b) ). In addition, deformation bands are less activated than in the T3 composite. In the T3 composite, on the other hand, deformation bands are formed in several directions deviated from previously formed deformation band directions inside one dendrite (Figure 13(b) ). With the further deformation, they meet crossly each other ( Figure 13(c) ), and the deformation occurs relatively homogeneously in widely deformed areas, thereby leading to the improvement in elongation. This difference in tensile deformation behavior and resultant elongation is mainly attributed to the effective dendrite size.
In the T7 and T10 composites whose effective dendrite sizes are quite large, the elongation is hardly shown (Table IV) . Since the elongation is not obtained in these composites, the strengths are much lower than those of the T1, T3, and T5 composites. These deteriorated tensile properties are attributed to the decreased cooling rates during the fabrication of the composites. Here in the two composites, a considerable number of a phase particles are present in the amorphous matrix because of the decreased amorphous forming ability (Figures 3(f) and (g)), while dendrites are much coarsened. These particles can act as crack initiation sites inside the amorphous matrix, which leads to the final fracture with almost no plastic deformation. Thus, the T7 and T10 composites have the deformed areas only near the In order to theoretically analyze the deformation and fracture behavior of the Ti-based amorphous matrix composites whose phases are nonuniformly deformed, the FEM based on real microstructures was conducted. According to the FEM simulation results, the plastic deformation is initiated at the dendrite-amorphous interface and propagated in the dendrites due to the low yield and tensile strength of the b phase, and then the formation of deformation bands readily induces the formation of shear bands in the amorphous matrix. In all, more strains are imposed in the soft b phase than in the hard amorphous phase. In Figures 16 through 18 , the T5 composite is deformed through a few deformation bands. However, the T1 and T3 composites exhibit homogeneous deformations because many deformation bands were well developed at the beginning of deformation. The FEM results indicate that the deformation and fracture behavior of the composites is closely related with the effective dendrite size having the same crystal orientation when considering anisotropy of crystalline dendrites. It should be noted that the small effective dendrite size is equivalent to the high degree of microstructural heterogeneity, which enhances the multiple shear banding and plasticity. [40] However, the T1 composite which has the smallest size of effective dendrites has more highly deformed bands compared to the T3 composite, as indicated by dotted red circles in Figure 18 (a). There are two reasons for this discrepancy: the first reason is a difference in dendrite orientations, and the second is a difference in distance between the dendrites.
As aforementioned in the Section III-D, the mismatch of deformation modes between the dendrites and amorphous matrix, i.e., difference in strength level, would concentrate the stress on the interface regions, and thus the plastic strain of the amorphous matrix is initiated and concentrated at these interface regions. When the distance between dendrites is short, the distance between interfaces also becomes short. This short distance enhances plastic deformation of the amorphous matrix. Also, the local strain can be confined through one direction, when the composites have large effective dendrite sizes due to crowding similar orientations. These simulation results have the same conclusion as the experimental SEM observations. The reasons for such a good match between the FEM simulations and experimental results of deformation behavior can be attributed to the following considerations: (1) material properties of each phase for estimating deformation behavior, (2) effective dendrite size measured from the EBSD results, and (3) orientation and anisotropy of dendrites.
The influence of effective dendrite size is well understood in the previous paper. [14] Thus, the simulation results in this study show proper predictions. In the paper, this FEM analysis based on real microstructures (not only grain size but also crystal orientation) of the Ti-based amorphous matrix composites is a significant progress for the correct explanation of the deformation and fracture behavior closely related with the effective dendrite size.
The present Ti-based amorphous matrix composites have ductile dendrites of b phase as a considerable amount of Zr, Ni, and Be is added into a Ti-6Al-4V alloy, and show the yield strength of about 1.4 GPa and the elongation of 6.5 pct under tensile loading. They show the higher strength level and lower elongation when comparing with a conventional Ti-6Al-4V alloy. Since they are simply cast to obtain the above mechanical properties, whereas the Ti-6Al-4V alloy should be heat treated, they can have economical merits for fabrication costs. If considering that amorphous matrix composites inherently have the excellent resistance to corrosion or wear, they have merits of various applications to other areas requiring more excellent properties than Ti alloys. In addition, since they were fabricated in a sheet form, the fabrication method provides a useful way for examining effects of effective dendrite size on tensile properties and for finding the optimal effective dendrite size. In fact, these amorphous matrix composites are mostly used in a sheet form, and thus the present research idea offers the optimum sheet thickness data during the fabrication processes such as die casting, strip casting, rolling, and extrusion. [41, 42] V. CONCLUSIONS Five Ti-based amorphous matrix composites whose effective dendrite size was varied with sheet thickness (or cooling rate) were fabricated, and their tensile properties were analyzed in relation with deformation mechanism.
1. The volume fraction of dendrites was almost same (72 to 75 pct) in the five Ti-based amorphous matrix composites, but their effective size increased from 9 to 27 lm with increasing sheet thickness from 1 to 10 mm (or with decreasing cooling rate). The composites showed excellent tensile properties of yield strength of 1.3 GPa and the elongation up to 6.5 pct when the sheets were thinner than 7 mm. 2. When the T1 and T3 composites were compared (dendrite size; 9.0 vs 12.1 lm), dendrites were coarsened as the sheet thickness increased, and the amorphous matrix became less hardened by the reduction in amorphous forming ability, which resulted in the decreased strength and increased elongation in the T3 composite. The tensile deformation behavior was similar in both composites, i.e., initiation of deformation bands at dendrites and coalescence of deformation bands with other bands of adjacent dendrites, but deformation bands were more readily formed in the T3 composite. 3. The yield and tensile strengths and elongation were higher in the T3 composite (effective dendrite size; 12.1 lm) than in the T5 composite (effective dendrite size; 24.2 lm). The higher strengths in the T3 composite were explained by the fast cooling rate positively affecting the strength. According to the observation of tensile deformation behavior, deformation bands were formed at dendrites in one direction within a wide area in the T5 composite, whereas many deformation bands met crossly each other to form widely deformed areas in the T3 composite, thereby leading to the improvement in elongation, as well as strength. 4. Since the wide and homogeneous deformation in the T3 composite beneficially worked for the tensile strength and elongation simultaneously, the optimum effective dendrite size (12.1 lm) and sheet thickness (3 mm) were determined for the Ti-based amorphous matrix composite. Considering that amorphous matrix composite are mostly used in a sheet form in their conventional applications, the present research idea offers the optimum sheet thickness data during fabrication processes such as die casting, strip casting, rolling, and extrusion. 5. The finite element method (FEM) analysis based on real microstructures confirmed the validity of the proposed mechanism for the enhanced elongation and the influence of the effective dendrite size. The shape and location of deformation bands estimated from the FEM simulation were well matched with the experimental SEM observations.
